We argue that, prior to the recent GALLEX 51 Cr source experiment, the excited state contributions to the 71 Ga capture cross section for 51 Cr and 7 Be neutrinos were poorly constrained, despite forward-angle (p,n) measurements. We describe the origin of the uncertainties and estimate their extent. We explore the implica- This test is in addition to the run-by-run checks on the chemical extraction efficiency that have been performed by introducing Ge carrier. These have consistently indicated
the recoil energies and atomic excitations accompanying solar neutrino absorption could conceivably drive a chemical reaction that would bind 71 Ge within the detector. This possibility is not entirely academic in view of the early GALLEX experience with cosmogenic 68 Ge (τ 1/2 = 270.8 d), which was not purged as expected from the detector when the experiment was begun [3] . Rather than continuing to decline exponentially, the 68 Ge level plateaued after repeated extractions at a level 20 times higher that the expected standard solar model (SSM) 71 Ge yield. While this difficulty was overcome by heating the tank, it illustrates that the chemistry of reactive species, when performed at levels below 100 atoms, can be subtle.
One motivation for the present study is to consider the role of excited states in 71 Ge in the capture of 51 Cr and 7 Be neutrinos. Electron capture on 51 Cr produces two line sources of neutrinos of energy 746 keV (90%) and 431 keV (10%). As illustrated in 
However the dominant 746 keV branch can excite not only the ground state but also two other allowed transitions, to the 5/2 − (175 keV) and 3/2 − (500 keV) states in 71 Ge.
These two excited states also contribute to the absorption of 7 Be solar neutrinos. The allowed transition strengths have not been measured directly, though arguments based on nuclear systematics and analyses of forward-angle (p,n) cross sections have led to a "standard" estimate of their contribution to the 51 Cr experiment of 5% [4] . The GALLEX collaboration adopted this estimate in deducing [1] R = (1.04 ± 0.12) (1σ),
where R is the ratio of the measured 71 Ge atoms to expected in the source experiment.
Let us begin with a restatement of the source experiment result that is free of nuclear structure assumptions, 
where BGT(gs), BGT(5/2 − ), and BGT(3/2 − ) are the Gamow-Teller strengths for the ground state and first two excited states in 71 Ge and E represents any deviation in the overall 71 Ge detection efficiency from that calculated and used by the experimentalists. spherical shell. Yet for this transition, BGT = 0.0016, or more than a factor of 50 weaker.
The theoretical considerations come from evidence [6, 7] that the behavior of N ∼ 40 Ge isotopes under changes in the neutron number is spectacularly nonlinear due to the interplay of coexisting spherical and deformed bands. Near N=40 it is possible to produce energetically favored, highly deformed neutron configurations in which a pair of neutrons occupies a Nilsson orbital based on the 1g 9/2 spherical shell. This occupancy in turns polarizes and deforms the proton orbitals: the strong 1g 9/2 (n)−1f 5/2 (p) interaction (these shells have similar nodal structure) drives protons from the 2p 3/2 shell into the
This explanation accounts for an apparent level crossing of the ground-state and first excited 0 + bands in even-N Ge isotopes near N=40 (see Fig. 2 of Ref. [8] ). Measurements show a corresponding sudden change in the shells occupied by the four valence protons:
The ratio of the 2p 3/2 and 1f 5/2 spectroscopic factors plunges from 2.3 to 0.9 when two neutrons are added to 72 Ge (Fig. 3 
Perhaps because they conform to arguments based on systematics, these results appear to have been accepted rather uncritically.
But as these results are crucial to the interpretation of the calibration experiment, it is important to try to assess their likely reliability. Are (p,n) reactions a reliable probe of BGT values ∼ 0.01? And if not, what is a reasonable error bar to assign to these determinations for very weak transitions?
We can try to answer these questions by examining (p,n) results for transitions of known strength. Ten transitions [13] for the 1p and 2s1d shell are shown in Table 1 , including five mirror transitions where the nuclear structure is likely quite simple. In The studies of Refs. [14] and [15] both identified an (L=2 S=1)J=1 term in the (p,n)
operator as a likely source of these discrepancies. This operator arises in distorted wave
Born treatments of (p,n) scattering and has been shown to affect weaker transitions in 37 Cl(p,n) 37 Ar substantially (e.g., BGT ∼ < 0.1) [14] . Watson et al.
[15] attributed the discrepancies in Table 1 to the effective tensor operator O
where
In these studies values of the tensor operator coefficient δ = 0.073 (0.064) were chosen for the 2s1d (1p) shell. The parameterization used in [15] would give δ = 0.097 for 71 Ge.
The notation SM indicates that a shell model reduced matrix element is to be taken. [15] because we express the difference in the (p,n) and β decay matrix elements as a shell model matrix element of an effective operator, rather than introducing effective operators for both (p,n) reactions and β decay. The resulting values for δ differ from those of Ref.
[15] for this reason and because some of the β decay BGT values of Table 1 it follows that these transitions could also be characterized by vanishing GT strengths.)
The remaining significant discrepancies in Table 1 involve the analog transitions in 13 C, 15 N, and 39 K, which would be described naively as either 1p 1/2 → 1p 1/2 or 1d 3/2 → 1d 3/2
transitions. But for single-particle transitions with
Thus the L=2 and GT operators interfere constructively. This explains why the (p,n)
BGT values of Table 1 are too large. 
an amplitude that does not contribute to the GT operator but generates the strongest L=2 matrix element in the 1f2p shell. The competing GT amplitude would arise from presumably less important terms in the density matrix, e.g., 2p 1/2 → 2p 3/2 and 1f 5/2 → 1f 5/2 . We have no experimental information on the relative sign of the L=0 and L=2
amplitudes.
The strength of this L=2 transition could quite plausibly approach the single-particle limit [19] . This provides the bound
Using this constraint in Eqs. (5) and (6) then yields
That is, for destructive interference a BGT value on the order of BGT(gs) is not excluded by the (p,n) measurements.
The transition to the 3/2 − (500 keV) state is more complicated. In an effort to avoid exaggerating the BGT range, we take some guidance from the Nilsson model, which associates this state with a neutron hole in a K=3/2 orbital whose spherical parentage is 2p 3/2 , but which crosses and strongly mixes with a second K=3/2 orbital whose parentage is 1f 5/2 . We expect
where Ψ αβ denotes components of the one-body transition density matrix [18] . But Ψ 2p 3/2 2p 3/2 likely accounts for the largest contribution to the GT matrix element, too, to which it contributes with the same sign as above. Thus cancellation between the the L=2 and GT matrix elements likely requires cancellation between the density matrix elements in Eq. (12) . We bound the L=2 matrix element by taking the single-particle limit under the Nilsson model constraint that
Combining this with the (p,n) BGT value of 0.011 ± 0.002 yields
In their discussions of the implications of the source experiment for solar neutrino capture in 71 Ga, the GALLEX collaboration fixed the 51 Cr excited state contributions at 5% and consider only the affects of shifting this strength between the 5/2 − and 3/2 − states. We now would like to make three observations based on the nuclear structure arguments of this paper.
i) Without the calibration experiment, no convincing argument exists for more restrictive bounds on BGT(5/2 − ) and BGT(3/2 − ) than those given by Eqs. (11) and (14), giving the region enclosed by the dashed lines in Fig. 2 . These bounds allow the total excited state contribution to the 51 Cr capture rate to range between 0 and 80% of the ground state contribution, in contrast to the 5% employed in the GALLEX calibration discussions.
The other experimental checks [2] performed by the GALLEX collaboration make it likely that E ∼ 1.0. We make this assumption now in order to explore the consequences of the nuclear physics uncertainties, independent of the question of efficiencies. It then follows that the pp capture rate is determined by the known value of BGT(gs Uncertainties associated with this include the GT strength beneath the IAS peak, and the reliability of the calculated Fermi/GT strong distortion factor ratio. The 25% uncertainty results from empirical tests [11, 20] of the IAS/Fermi proportionality [21] ]. Finally, the 7 Be cross section has the large uncertainty associated with the freedom in BGT(5/2 − ) and BGT(3/2 − ), parameters for which we lack even best values.
Figures 3a, 3b, and 3c show the resulting constraints on φ( leading to more stringent constraints on φ( 7 Be).
ii) If we now continue with the assumption that E ∼ 1.0 but use the results on the source experiment, a constraint is imposed on the unknown BGT values,
where it is understood that this quantity is positive. This constraint significantly reduces the allowed region for the BGT values, as illustrated in Fig. 2 . But more important, it almost completely removes the unconstrained nuclear physics uncertainties that affect the 7 Be capture rate. The capture rate can be reexpressed in terms of the constrained parameter α, σφ( . Consequently, the residual, experimentally unconstrained nuclear physics uncertainties in the 7 Be cross section make at most a 3% contribution, given the bounds in Eqs. (11) and (14) . Thus, in principle, a perfect 51 Cr source experiment could determine the 7 Be cross section to ± 1.5%. Future improvements in the source experiment will continue to be well motivated until a comparable statistical accuracy is achieved.
Presently, the uncertainty in the experimental constraint (Eq. (15)) is considerably larger than this ± 1.5 % "irreducible" error. However, as experiment has determined a "best value" and error for α, this constraint can now be included in the χ 2 fit. In The solar neutrino data, now with the gallium 7 Be cross section uncertainties clearly under control, are in serious conflict with suggested astrophysical explanations. Nonstandard solar models generally reduce φ( 8 B) more than φ( 7 Be), in contradiction to the data (Fig. 4c) . This difficulty persists when one considers only the SAGE/GALLEX and Kamiokande data (Fig. 4b) , or any other pair of the SAGE/GALLEX, Kamiokande, and Homestake experiments (see, e.g., Ref [25] ).
We can also now include the source experiment in fitting the results of the SAGE, GALLEX, Kamiokande II/III, and 37 Cl experiments in the presence of MSW oscillations.
The MSW solutions provide an excellent description of the data, as shown in Fig. 5 . We have assumed that the oscillation is into muon or tauon neutrinos, which will contribute to the Kamiokande II/III signal, though with a cross section about 1/7 that of electron neutrinos. The BP SSM with He and metal diffusion has again been used in the calculations. We have incorporated the theoretical uncertainties and their correlations, the Earth effect, the Kamiokande day-night data, and the improved definition of confidence level contours, following Ref. [28] .
iii) We have assumed in our discussions that the relative efficiency E can be assumed to be unity. Even without this assumption, however, the 7 Be capture rate can be reexpressed in terms of the experimental quantity R 0 , σφ( 7 Be) = E(1.3 SNU) P MSW (384 keV) + R 0 (34.4 SNU) P MSW (862 keV)
The remaining nuclear structure uncertainties affecting the capture of 862 keV neutrinos varies from 1.0 to 1.05, given the constraints (Eqs. (11) and (14)) on BGT(5/2 − ) and BGT(3/2 − ). Thus a measurement of R 0 with absolute precision would determine the overall 71 Ga detector 7 Be neutrino rate to ± 2.5%, independent of any assumptions about E.
If one adopts the extreme view that E is unconstrained apart from Eqs. (4), (11), and (14), the GALLEX result
is [18] The many-body matrix element of any one-body operator is given exactly by the one-body density matrix Ψ αβ ,
where the sum extends over a complete set of single-particle quantum numbers α and β. the effects of nuclear structure uncertainties on the extracted flux bounds prior to the source experiment. The dotted line gives the result for Krofcheck et al. [12] BGT values. Note that Fig. 3c also includes 99% C.L. limits (left unshaded for clarity). 
